Abstract
active components of herbal medicines. For example, the histochemical techniques and phytochemical methods have been applied in the distribution and accumulation of active components in Sinomenium acutum, Aloe vera var. chinensis, Gynostemma pentaphyllum, Dioscorea zingiberensis and Macrocarpium officinacle [1] [2] [3] [4] [5] . However, these studies used routine chemical reactions and thus the distribution of the detailed active components could not be identified. Moreover, those agents usually have poor specificity, which leads to the increase of false positive results. Also, it is noteworthy that these investigations lacked objective data and had not been validated by other methods yet. Recently, the combination of fluorescence microscopy, laser microdissection (LMD), and ultra-high performance liquid chromatography-quadrupole/time-of-flight-mass spectrometry (UHPLC-Q/TOF-MS) has been successfully applied to explore the distribution pattern of secondary metabolites among different tissues from several Chinese medicinal materials (CMMs) [6] [7] [8] [9] [10] [11] . This method can obtain the exact quantitative and qualitative data to profile the chemicals in tissues and cells of medicinal materials.
American ginseng, the root of Panax quinquefolium L., is one of the most recognized herbal medicines all over the world. Also, American ginseng has become popular in oriental countries as dietary health supplements or additives to foods and beverages [12] . In the herbal markets, various specifications or grades of American ginseng can be found, including main root, rootlet and fibrous root. Production area also affects the grade or price of the commercial medicine. As we know, American ginseng contains the major bioactive triterpene saponins named ginsenosides, such as ginsenosides Rg 1 , 20(S)-Rg 2 , Re, 20(S)-Rh 1 , Rb 1 , Rb 2 and Rd, which possess a wide range of pharmacological effects, including cardiovascular, anti-diabetic, anti-inflammatory and antitumor properties [13] [14] [15] [16] .
To evaluate the quality of American ginseng, a number of analytical methods to determine the total ginsenoside content or the target compounds have been developed [17] [18] [19] . However, few of them focus on the distribution rules of ginsenosides among tissues or detect the relationship of the quality and the microscopic characteristics. Until now, ginsenosides in the rhizome and root of P. ginseng Meyer has already been located: the cork contained more kinds of ginsenosides than did the cortex, phloem, xylem and resin canals [8] . But whether this rule applies to P. quinquefolium or not still waits to be found out. Analyzing the distribution of ginsenosides in different anatomical structures will establish the relationship between microscopic features and active components. Then the microscopic features used for the quality evaluation and classification of different specifications or grades of American ginseng can be validated or clarified.
In this study, fluorescence microscopy, LMD and UHPLC-Q/TOF-MS were used to analyze and compare the spatial chemical profiles of various tissues from P. quinquefolium to correlate the relationship between microscopic features and active components for the quality evaluation of American ginseng, shedding new light on the role of microscopic research in quality evaluation.
Results and discussion

Microscopic examination and dissection by LMD
In this study, four fresh P. quinquefolium samples (Pq1-4) and nine dried commercial samples were collected for analysis (see Table 1 ; Fig. 1 ). As shown under the normal light and fluorescence mode (see Fig. 2 ), the transverse section of American ginseng was comprised of cork, cortex, phloem, cambium and xylem. The cork was consisted of several rows of densely-arranged flat cells. Red fluorescence was emitted from the cork while blue color was shown in other tissues. Cortex was narrow. Cracks could be seen in phloem. Resin ducts with orange red fluorescence were scattered in the cortex and phloem. Cambium was arranged in a ring, showing strong florescence. Xylem was broad, usually differentiated into primary xylem with strong florescence and secondary xylem with common florescence. Since our study on localization of ginsenosides in the rhizome and root of P. ginseng illustrated that the resin ducts contained few ginsenosides, the resin ducts of P. quinquefolium samples were not examined here. The cork, cortex, phloem, secondary xylem and primary xylem were dissected from the main roots of Pq1-4 and Pq5-13. For the branch roots of Pq1-4, the xylem was hardly seen differentiation, and was thus examined as a whole. Compared with other samples, the cambium in the cross sections of Pq6 and Pq8 was obvious with relative more layers of cells, hence, the cambium of Pq6 and Pq8 were also investigated. Therefore, various tissues possessed different features and could be recognized under fluorescence mode. According to previous reports [6] [7] [8] , the size of about 2,500,000 and 1,000,000 μm 2 of each separated tissues of fresh and dried materials were dissected by LMD respectively which could detect the chemicals containing in tissues.
Tissue-specific chemical profiles
By UHPLC-Q/TOF-MS technique, tissue-specific chemical profiles of each sample were obtained as total ion chromatograms (see Figs. 3, 4) . A total of 34 peaks were detected in all the tissue extractions. By comparing retention times, accurate mass weights, and mass ions with the reference compounds, six peaks (Peaks 3, 4, 14, 15, 23, 29) were unambiguously identified as ginsenosides Rg 1 , Table 2 Re, 20(S)-Rg 2 , 20(S)-Rb 1 , Rb 2 and Rd. By matching those data with the components reported in the literature, 25 compounds were tentatively authenticated [12, [20] [21] [22] [23] [24] . The identification result is shown in Table 2 .
As seen from Figs. 3, 4, the distribution differences of gensenosides in various tissues from American ginseng were not as distinct as Asian ginseng [8] . The cork extractions usually had the most peaks (20-34 peaks). The 4 The total ions current (TIC) chromatograms of microdissected tissues from P. quinquefolium samples of Pq5 (c) and Pq8 (d). The peak numbers referred to Table 2 For most samples, the areas of Peaks 21-30 in the cork were larger than those in other tissues. Peaks 21-30 represented compounds with medium or low polarity, which might be concerned with the protection function of the cork. In the xylem, especially the primary xylem, the areas of Peaks 17-31 were larger than those in cortex, phloem and cambium, which might be relevant with the lignification, suberification and the channel function of xylem cells. . Sometimes, the primary xylem possessed the highest level of ginsenosides (Pq6, Pq11-13), or possessed the second highest level (main root of Pq1, Pq5, Pq7-10), whereas sometimes low ginsenoside level was found in the primary xylem (main root of Pq2-4). The amounts of ginsenosides fluctuated in the cortex. It seemed that if the contents of ginsenosides were low in primary xylem, the contents would be high in cortex (main root of Pq2-4); and if the contents of ginsenosides were high in primary xylem, the cortex would have a medium (main root of Pq1, Pq5, Pq7, Pq8, Pq10) or low (Pq6, Pq9, Pq11-13) level of ginsenosides. The phloem, secondary xylem and cambium usually had fewer ginsenosides than other tissues. For the branch roots of Pq1-4, the cork, xylem and cortex occupied higher contents of ginsenosides than phloem did. Thus, the distribution pattern of ginsenosides in American ginseng was quite distinct from Asian ginseng. Distinctly, the cork, primary xylem or cortex had more ginsenosides than phloem, secondary xylem and cambium in American ginseng. Based on all the above, it was reasonable to deduce that the ratio of total areas of cork, primary xylem and the cortex to the area of whole transection could help to evaluate the quality of American ginsengs.
Quantification of ginsenosides in various tissues
Ginsenosides
It was reported that the outer part of the P. quinquefolium root contained more ginsenosides than the center part [25] . However, another paper found that the peak areas of ginsenosides in the center part were larger than those of the outer part [26] . The outer part includes the cork and cortex, while the center part represented the primary xylem for most samples or xylem for branch roots. Our research illustrated that the both situations existed simultaneously in American ginseng.
Although P. quinquefolium and P. ginseng were closely related species which contained many common saponin constituents, their distribution patterns of ginsenosides were quite different. The most obvious difference was that the ginsenosides were not only concentrated in the cork and cortex, but also inclined to be accumulated in the primary xylem in American ginseng. This was identical with the morphological and microscopical characteristics of Asian and American ginseng. In detail, American ginseng was harder than Asian ginseng, and was more difficult to be broken. At the same time, under the fluorescence microscope, it was found that xylem of American ginseng usually differentiated into primary and secondary xylem, while the differentiation was scarely seen in the xylem of Asian ginseng. That is to say that the developed primary xylem was absent in Asian ginseng. The different microscopic structures between American ginseng and Asian ginseng may explain their distinct distribution patterns of ginsenosides in various tissues.. Such similar phenomenon was also found in Bupleuri Radix material. Bupleurum chinense DC. and B. scorzoneri folium Willd. were both original plants of Bupleuri Radix in China. Meanwhile, B. falcatum L. was recorded by Japanese Pharmacopoeia as the original plant of Bupleuri Radix. Recent research found that although saikosaponins were mostly distributed in the cork and cortex in the three species, the cork of B. scorzoneri folium and B. falcatum contained more saikosaponin a, c, d than the cortex, while the opposite situation was found in B.
chinense [7] . Thus, the phenomenon that related plants had different distribution patterns of the same secondary metabolites was not an accident. The exact mechanism causing the phenomenon deserved to be further explored.
Conclusion
In conclusion, LMD, fluorescence microscopy, and UHPLC-Q/TOF-MS were applied to profile and determine tissue-specific chemicals of P. quinquefolium in this study. As a result, the cork, primary xylem or cortex had more ginsenosides than phloem, secondary xylem and cambium in American ginseng. Thus, the ratio of total areas of cork, primary xylem and the cortex to the area of the whole transection showed a potential to be used as a reference to judge the quality of American ginsengs.
Experimental
Plant material
As seen from Table 1 and Fig. 1 , four fresh P. quinquefolium samples (Pq1-4) were collected from Mulin County, Mudanjiang City, Heilongjiang Province, China. Nine dried samples (Pq5-13) of various commercial types 
Laser microdissection and sample solution preparations
The dried materials were firstly softened by infiltrating with water-soaked-non-cellulose paper before frozen section. The softened and fresh roots were cut into small sections, embedded in cryomatrixTM (Thermo Shandon Limited, U.K.), and then placed on a cutting platform in the cryobar of a cryostat (Thermo Shandon As620 Cryotome, U.K.) at −20 °C. Serial slices of 40 μm in thickness were cut at −10 °C. Each sectioned tissue slice was mounted directly to a non-fluorescent PET microscope steel frame slide (76 mm × 26 mm, 1.4 μm thick, Leica Microsystems, Germany). The slide was observed with a Leica LMD 7000 microscope system (Leica, Benshein, Germany) in fluorescence mode with a dichromatic mirror. Microdissection was conducted by a DPSS laser beam at 349 nm wavelength, aperture of 12, speed of 10, power of 50-60 μJ and pulse frequency of 2895 Hz under a Leica LMD-BGR fluorescence filter system at 10x magnification. Tissue parts within an area of approximately 1 × 10 6 μm 2 were determined as the investigated size and dissected separately under fluorescence inspection mode. The microdissected tissues fell into caps of 500 μL microcentrifuge tubes (Leica, Germany) by gravity.
The separated tissue part in each cap was transferred to the bottom of the tube through centrifugation (Centrifuge 5415R, Eppendorf, Hamburg, Germany) at 12,000 rpm for 5 min. 100 μL methanol was added into each microcentrifuge tube. The tube was sonicated for 30 min (CREST 1875HTAG ultrasonic processor, USA). The microcentrifuge tube was centrifuged again for 10 min at 12,000 rpm, and 4 °C. 90 μL of the supernatant was transferred to a glass insert with plastic bottom spring (400 μL, Grace, USA) in a 1.5 mL brown HPLC vial (Grace, USA) and stored at 4 °C for analysis. 2 and Rd in various microdissected tissues were relatively determined using the above UHPLC-QTOF-MS method. Linearity was examined within selected concentration range with different levels and applied to calculate the amounts of these analytes in tissue extracts.
